Collider (CLIC). The method attempts to increase the efficiency of traditional methods. It is composed of a hybrid adaptive filtering algorithm that uses both feedback and adaptive control. The scheme uses an estimate of the prediction error to update the adaptive filter's parameters. The strategy of this method is described considering the process environment.
2/23 B. Caron, G.Balik, L.Brunetti, A.Jeremie horizontal crossing angle of 20 mrad (Schulte, 2001) imposes extraordinary requirements on the stability of the magnetic fields.
This study aims at positioning the beams to the sub-nanometer level after passing through the last two focusing magnets, called Final Focus magnets (FF) . As the shape of the beam is elliptic, its vertical dimension being smaller than its horizontal one, requirements on the vertical position of the beam are tighter. Therefore, the most critical case is studied.
Specifications require the vertical offset between the beams to be lower than 0.1nm (integrated RMS, see part 2.2).
Different methods are usually carried out: one consists in controlling the vertical displacement of the various mechanical elements in order to minimize motion, another one consists in controlling the beam trajectory by using magnetic fields.
The first part of the paper aims at describing the process, its environment, and particularly the disturbances which will impact the beam motion and the classical methods used on the other colliders. The second part of this paper is a description of the beam-based feedback, using a linear controller. The last part describes the proposed adaptive control feedback combined with a mechanical filter in order to lower the disturbances.
Description of the future Compact LInear Collider

Description of the process
The future linear collider project CLIC will be composed of two linear accelerators of about 21 kilometers long that produce particle trains with the required energy and low emittance (Assmann, 2000a) . CLIC accelerates the beams through the longest part of the accelerator called the Main Linac (ML) to the desired energy, then it focuses the beams to a vertical spot size down to a few nanometer and steers them into collision at the Interaction Point (IP), where the particle detector is placed, in order to obtain the target luminosity. This scheme is detailed in figure 1. This study aims at developing a method which ensures the reduction of the vertical beam displacement at the interaction point, in order to meet the requirements. Given the beam size, colliding two beams at the interaction point is a very complex challenge because achieving this goal depends on a lot of parameters. On the one hand, considering that the beams have to be located face to face (in the horizontal plane) during the collision, the position of the focused magnets has to be strictly at the same height. It results in a tight alignment of all elements at a micrometer scale using different possible methods, dedicated to the alignment of the various magnets (Sjöström, 2007) , and the detector (Goldstein, 2003) .
On the other hand, the motion of the beam has to be lower than a tenth of nanometer, thus, different methods are carried out in order to reduce as much as possible the impact on the beam of the disturbance source.
Ground motion
Ground motion is the main disturbance of the beam-line because it is directly transmitted from the ground to the magnets via their support. However, its influence has been studied extensively (Adloff, 2005) . Two phenomena can be considered.
On the one hand, there is the Earth motion, for frequencies lower than 1 Hz, due to swell, tectonic motion, atmospheric changes, and on the other hand, there is cultural noise (for frequencies above 1 Hz) due to human activities which can drastically change from site to site. The PSD of the natural ground motion is a steep function of frequency f which falls off as 1/f 4 . Several peaks can be observed, and are related to machinery and structural resonances. The PSD is particularly useful, because it can help in calculating the total RMS (Root Mean Square) displacement Z rms in any frequency band (or indeed over the whole frequency range measured) by integrating the displacement PSD (S x ) and taking the square root :
The integrated RMS gives the sum of the RMS values observed for all frequencies between f 0 and f max . Caron, G.Balik, L.Brunetti, A.Jeremie In figure 3 , the curves represent the PSD and integrated RMS displacement of the ground motion obtained at LAPP and at the Compact Muon Solenoid (CMS) (CMS, 2008) experimental hall which is one of the multi-purpose detectors on the Large Hadron Collider (LHC) (Virdee, 2010) .
The ground motion depends on the location in the world (Bialowons, 2006) . Geophones (Güralp acquisition system. This set-up guarantees a good resolution in the selected bandwidth (Bolzon, 2005) , a very low noise of the measurement chain (Bolzon, 2008) , and ensures very accurate measurements of ground motion even for a quiet site. Temporal data have been implemented in Matlab/Simulink 3 to simulate the effect of ground motion on the plant.
Direct disturbances on the FF magnets
Two main disturbances other than ground motion have a direct effect on the FF magnets: the acoustic pressure and other processes (such as the cooling system (Redaelli, 2002) ) linked to the FF magnets. Since all components are not known, the acoustic pressure has been measured in a laboratory environment and its effects can be modeled by a pink noise on a large bandwidth (Bolzon, 2006) . Internal disturbances due to surrounding processes (cooling system, vacuum pumps) usually cause a harmonic motion at certain frequencies. The impact of these disturbances on the beam displacement depends on the magnet structure, which is being developed. Moreover, the CLIC intensity cannot be quantified without more information concerning the magnets' location or their environment. As the beam motion is most likely due to the ground motion disturbance, other disturbance sources will be neglected. A robustness study is described later in this paper.
The studied FF system
The FF system is the most downstream part of a linear collider, which focuses the beam to a very small spot size. At this point, the beam goes through a final focusing magnet subject to disturbances. This magnet stands on an active/passive support designed to reduce ground motion vibrations. The global structure is summarized in figure 4 .
Elements of this process (sensors, actuators, magnets) are currently being developed. The concept uses a post-collision
Beam Position Monitor (BPM) (Burrows, 2007) downstream from the IP to obtain the beam-beam offset at the IP by inferring the deflection angle (Bambade, 1989) . The BPM consists essentially in four electrodes attached to either side of the vacuum tube in which the beam circulates. An electron beam passing through a BPM causes a charge on the electrodes, which depends on the beam position. Since it is located at a distance of 3.5 m from the IP, the post-collision BPM measures a highly amplified image of the relative displacement or beam-beam offset ΔY. Thus, it is assumed that the ground motion vibration disturbances have a negligible impact on it.
The kicker situated upstream from the IP on the incoming beam-line provides a corrective kick. As long as the field inside the kicker magnet is uniform over all the ground displacement, the effect of the latter on the beam kick can be neglected. The tight tolerances on the vertical displacement of the beam-line require real-time beam trajectory control to balance performance deterioration due to disturbance variations, temporal variations of the structure or model inaccuracy. The adopted strategy is a trajectory control with a feedback loop and a real-time adaptive control feature based on the Generalized Least Squares (GLS) algorithm (Landau, 2006) which helps in estimating and canceling the disturbance. The combination of both controls is designed to minimize the integrated RMS displacement of the beam. This strategy provides high damping, fast vibration suppression, good robustness and easy realization.
Beam-based feedback
The proposed control framework helps in designing an optimal controller minimizing the integrated RMS displacement of the beam. This optimization has to be done once, at the beginning, before the beam control starts. Numerical simulations
on the whole system demonstrate how the proposed control minimizes vibrations caused by ground motion.
Developed method
Considering the process represented in figure 5:
• the backward shift operator is denoted q -1 ,
• the disturbance X is the mechanical excitation from ground motion on the FF magnet,
• the other direct disturbances D on the FF magnet are added to the disturbance X,
• P is the total disturbance felt by the FF magnet,
• the transfer function between the mechanical displacement of this magnet and the beam can be modeled by a constant matrix (which equals 1 in the model, assuming that the magnet is rigid enough),
• the BPM sensor noise W is added to the beam displacement,
• the action K b meant to reduce the beam motion of the beam (or the offset between both beams at the interaction point) is done by a kicker G which is located next to the magnets,
• the obtained beam displacement is proportional to the kicker-injected current (the proportionality equals 1 in the following model),
• the system dynamics is due to the frequency of the beam train, so the process G can first be treated as a delay at a sampling period T e equal to 0.02 s,
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• H is the controller.
Considering the previous scheme, the closed loop transfer function taken into account is the transfer function F (also called input sensitivity function) between the beam displacement and the disturbance X:
Note that as G is a pure delay, the effect, in terms of amplitude of the closed loop on the sensor noise disturbance W, is the same as for the ground motion disturbance P.
Optimization with linear controller
The required specifications impose to lower the integrated RMS(0.1 Hz) (integrated RMS at 0.1 Hz) using the controller.
In order to tune the linear controller parameters, classical methods use pole placement or the frequency approach to obtain the performances in closed loop. In the case of CLIC, frequency considerations seem to be the right method. A controller based on the minimization of an H ∞ performance norm (Doyle, 1989) , (Bamieh, 1992) was initially designed but it did not perform well in practice. As a result, a simple controller structure was adopted:
Higher order structures have been tested for the controller but they did not result in a significant gain in terms of integrated RMS, compared to the complexity of the feedback control. Thus a second order controller was chosen. 
Tuning the controller parameters
The method for lowering the integrated RMS(0.1 Hz) of  Y runs through the following steps:
• estimation of the PSD for the measured ground motion signal,
• scanning the controller parameter space,
• for each of these combinations, if the parameters give a stable closed loop transfer function F, then:
-PSD computation of the obtained output using:
-selection of the controller parameter set that gives the minimum integrated RMS(0.1 Hz).
As these parameters obviously depend on the input sensitivity function F and on the PSD of the input disturbance, if the input disturbance X changes, then the optimization will produce another set of parameters. Note that in case of a non linear control (see part 4.1), the PSD of ΔY is obtained by calculating the PSD of the output signal ΔY (instead of using Eq. 4). However, this method is much more time-consuming in the proposed optimization case. In order to reduce the computation time, a computer cluster with 150 processors has been used. This approach does not necessarily lead to a global optimum, but the obtained integrated RMS(0.1 Hz) is lower than the one obtained with the H ∞ approach initially tested.
Results
The presented simulations have been computed without any other disturbance consideration than the ground motion disturbance signal X taken from CMS data (Fig. 3) . Given this configuration, the optimized parameter set is the following:
Note that the same technique has been tried on more complex structures (i.e. This observation can be understood by looking at the transfer function F between the ground motion disturbance and the output (see figure 7 ).
The transfer function F must, and does, obey Bode's sensitivity relation (Mohtadi, 1990) , that the integral of ln  F  is zero, meaning that reducing disturbances at low frequencies implies greater amplification of disturbances at high frequencies . The feedback efficiency is given by its ability to damp the ground motion vibrations in a given bandwidth.
In this case, due to the sample time of the process, the feedback is efficient in a limited frequency bandwidth [0-5] Hz. It implies that the integrated RMS at 5 Hz of the disturbance P has to be the lowest possible, and that a better value cannot be obtained with a Linear Time Invariant (LTI) controller for the proposed optimization. It is thus necessary to consider a complementary solution that could help in reducing the ground motion impact as much as possible. The results of figure Thus, in order to lower the integrated RMS(0.1 Hz) of the output, three strategies are considered:
1) adding a measurement of the magnet position to implement a feed-forward or a feedback control,
2) minimizing the input disturbance P by adding a mechanical filter,
3) integrating an adaptive controller with an estimation of the input disturbance in order to reject it.
In the frequency range [1 Hz -1 kHz], the first strategy may reduce the disturbance effect. But currently there are no valid solutions for such a measurement, due to the sensor precision needed, that is around 0.1 nm, and due to the limited bandwidth of available sensors. However the beam deflection measurement used in this study can be precise enough with a realistic signal to noise ratio, but at the low rate of 50 Hz. Note that this approach is not completely rejected by the physicists and that some studies are currently carried out in order to measure the magnet position. Nevertheless, it is not possible to obtain the steady-state position of the magnet with such sensors and this solution does not reject other disturbances (for example the bad position of the beam entering the FF), so a direct measurement of the beam-beam offset will still be necessary.
The second strategy is then needed if no other efficient loop can be added to lower the disturbance effect where the present control loop is not efficient. This can be done by adding an active/passive system supporting the magnets. In order to reduce the relative motion between the various magnets, two approaches have been carried out. The first one was to consider a single rigid structure supporting both the FF magnets, located on each side of the IP. If the ground motion is consistent enough, the two last focusing magnets would move in phase (Bolzon, 2009 ). However, the associated magnet vibration tolerances are severe (Assmann, 2000b) and unprecedented: the vertical integrated RMS displacement of the CLIC beam has to be lower or equal to 0.1 nanometer at 0.1 Hz and the distance between the last magnets on each side of the detector is large (about 12 m). The rigid support approach has to be replaced by another scheme. As a consequence, the second approach will certainly be selected. It aims at integrating an isolation system in the transmittance between ground and the magnet, to reduce the motion of the magnet. It is quite simple to reduce the seismic noise effects above 5
Hz with a passive support but under this frequency, a support with a very large mass is needed. Current studies show that, under the constraint of the detector environment, a passive filter can be used with a cutoff frequency of around 1 Hz.
Active filters are also being studied but, in that case, it is difficult to obtain a good rejection of the disturbance above 50
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Hz. An isolator, currently being studied at CERN (Gaddi, 2010) , will be used.
The third strategy may be a good solution because the disturbance is much more important at low frequency than at high frequency. The adaptive structure has the property to whiten the noise effect on the output. In order to obtain the same results with a LTI controller, a more complex controller with at least 3 integrators would be needed. But this would have some drawbacks: sensitivity to neglected dynamics and sensitivity to the variations of the dynamics of the mechanical support. The frequency response of the noise is quite flat around this frequency. When amplified by the control loop, it will lead to a bad integrated RMS(0.1 Hz), already too high at 10 Hz. This kind of structure was unsuccessfully tried with this optimization technique or with the H ∞ approach.
Feedback and adaptive algorithm study
Adaptive algorithm
Adaptive feedback is an attractive strategy when the disturbance sources are unknown or variable in time, which is the case in this study. Similar techniques have already been used in the accelerator field (Blanco, 2009 ). The approach followed here is to use an adaptive approach using a prediction-error to reconstruct and cancel out the disturbance P. The control scheme is given in figure 8 .
This scheme is non-linear as it is composed of two interlinked loops. A general adaptive command structure defined by Landau's (Landau, 2006 ) stability theorem has been used.
Using the fact that the process is a simple delay and neglecting the sensor noise, the prediction error to minimize at instant n is then: where ϕ t (n) is the vector of input/output signals of filter H a and h n  its vector of parameters. The filtered error is given by:
where F n is the adaptive gain given by:
Parameters  1 and  2 control the evolution of the adaptive gain. The new set of parameters is then given by:
To obtain satisfactory results, re-optimization of the controller detailed in part 3.2 (including the adaptive algorithm) was necessary. This is due to the fact that the adaptive control and the feedback loop are both efficient in different bandwidths.
It is then possible to optimize the global efficiency by adjusting these 2 bandwidths.
Simulation results
The optimization leads to the following parameters. , -the dimension of h is 1. Figure 9 gives the variation of the estimated parameter h. Higher order estimated parameters have been tested but without better results. h varies around -1 in steady-state, but fixing h to -1 does not give satisfactory results. A delay, lower than in2p3-00638748, version 1 -7 Nov 2011 the sampling period, was added in order to evaluate the computation time, and the simulations show identical performances. and adaptive control can considerably decrease the PSD displacement at low frequencies. Figure 11 gives the corresponding integrated RMS displacement.
Parameters of the controller
Although better performances can be achieved for low frequencies, the adaptive filter, albeit non linear, also obeys the Bode constraint, which causes an amplification after several Hertz. In the given configuration, this amplification has a detrimental effect on the integrated RMS, that reaches about 8 nm. 
Pattern of the mechanical support
In the following part the mechanical support K has been assumed to be modeled by a 2 nd order low-pass filter:
The strategy was to simulate the previous adaptive control algorithm when the ground motion disturbance is filtered by the mechanical filter K. By considering as a first approximation ξ=0.7, the aim is to find the combinations (f 0 , G 0 ) that can generate an integrated RMS(0.1 Hz) < 0.1 nm. As the input sensitivity function now depends on K, it was necessary for each combination to optimize the controller until the specifications are reached (see part 3.3). Figure 13 shows all these combinations.
The area under the curve represents the possible combinations of (f 0 , G 0 ). Due to complex and long computations, this curve is probably lightly under-estimated (the controller is not fully optimized). The number of combinations being slightly greater, the difference can be evaluated to about 5%. Another approach was to study the influence of the damping ratio ξ on the integrated RMS(0.1 Hz) instead of considering it equal to 0.7. Calculations show that the previous curve is quite independent from the variations of ξ in the range [0. 01-0.7] . This comes from the extremely high efficiency of the adaptive algorithm at low frequency. This passive support, if feasible, could be efficient enough to achieve the desired performances. 
Mechanical support considerations
Different solutions combining active and passive isolation already exist. For example, this strategy has been widely used in industrial fields (Schulz, 2003) such as microscopy, optics, aeronautics. A lot of solutions have been studied in particle physics (Seryi, 2001 ) as well. A study (Redaelli, 2003) shows that one of the most efficient solutions on the market for this type of application is the TMC table   4 with STACIS feet. It integrates rubber dedicated to the passive isolation in order to filter the vibrations, and an active system composed of piezoelectric-actuators and geophones used within a feedback circuit. This product can manage vibrations at a sub-nanometer scale, and has also been tested in simulation. Its transfer function:
(Eq. 10) has been obtained by identification. Figure 14 represents the PSD and the integrated RMS displacement obtained by simulation of the active isolation.
Damping was achieved in the frequency range 1.3-50 Hz. However, the TMC table is useless for this application under 1.3 Hz because it amplifies ground vibrations. The model of the active isolation system enables to decrease the disturbances' integrated RMS(5 Hz) to about 0.4 nm. This is already too much according to the specification of 0.1 nm at 0.1 Hz. In addition, the integrated RMS(0,1Hz) remains the same with or without active isolation. This is due to the fact that the main contribution to the integrated RMS(0,1Hz) comes from the high PSD amplitudes of ground motion at low Given the tight specifications, a dedicated support has to be designed. The design of such a mechanical filter is not dealt with in this study but some concepts have already been developed (Braccini, 2005) . In the simulated layout, the final focus magnet has been considered to be placed on a passive system whose behavior is similar to that of the mechanical filter described in 4.3. This support has been incorporated in the following simulations. In order to fit the pattern in figure   13 , the parameter values ω 0 = 2π rad/s and G 0 =1 have been used and the worst case ξ=0.01 has been chosen. Figures 15 and 16 represent the simulation results of the feedback control obtained by adding this mechanical support.
This strategy, combining feedback and adaptive control, can considerably decrease the PSD displacement for low frequencies. Results show that it can promisingly be associated with the previous mechanical support, as it brings a damping of the beam motion on a larger frequency bandwidth. Figure 16 provides the integrated RMS displacement. ). This result proves that the adopted strategy which consists in using a passive isolation to damp fast motion of the ground, and a feedback loop coupled with an adaptive algorithm dealing with slower motions is a very efficient solution to meet the requirements.
Robustness
The previous study gives a model of the real system. Considering that the project is in its conceptual design phase, it was necessary to make several hypotheses and to arbitrarily set certain parameters. A first study aims at comparing the integrated RMS displacement obtained if the mechanical support K is not properly characterized (model inaccuracy, parameter drifts). As it is considered as a resonant second-order low-pass filter, two parameters must be taken into account; the damping factor ξ and the resonant frequency f 0 , both depending on the proper characteristics of the support. The simulation has been computed for a variation of ± 10% and ± 50% for f 0 and ξ. Several "waves" representative of the various excitation modes of the process can be observed. The worst case implies an integrated RMS(0.1 Hz) of about 0.06 nm, which is still under the requirements. These results show that the global control has a good robustness with respect to unmodelled or neglected dynamics.
The second robustness study was dedicated to the instrumentation used and more precisely to the BPMs which are still being developed. The aim is to estimate the performances needed for this monitor and mainly which level of internal noise will be acceptable without decreasing too much the efficiency of the control. Figure 18 shows the variation of the beam integrated RMS displacement as a function of the BPM noise (represented by a white noise added to the measured displacement).
This study reveals that even a low monitor noise has detrimental effects on the control. In order to reach the specifications, the level of the sensor noise has to be lower than the equivalent of a 12 picometer displacement at the IP integrated RMS at 0.1 Hz. As the BPM gives an indirect measurement (position image multiplied by 10 5 because of its distance from IP), the BPM noise has to be < 1.2 µm in order to preserve the integrated RMS(0.1 Hz). This result has to be taken into consideration in the design of this monitor and will certainly be one of the strategic requirements.
Further development
All the presented results are based on simulation tests, as this is usually the case in this kind of development where the time to design large instruments spans several tens of years. The next stage consists obviously in carrying out a representative mock-up to demonstrate that all the assumptions are respected and to confirm the simulated results.
Usually, in particle physics field, the demonstration is made in several stages. The first one is to transpose the developed simulations, which were done with standard tools, in a common simulation platform dedicated to a specific collider. It integrates all the collider subsystems and their associated actions to the beam physics, taking into account all the acquired experience with the colliders previously built, as the CERN's LHC (Virdee, 2010) for example. In the case of the CLIC experiment, this tool is named PLACET (Schulte, 2000) and will give the opportunity to test the interfaces between the various subsystems. The integration of the presented developments to this software is ongoing as the other subsystems will be tested as soon as possible.
In parallel, two dedicated linear "short" colliders were built to prove its feasibility. The first one is ATF2 (Accelerator Test Facilities) (Seryi, 2009) in Japan and was commissioned in 2008. However its current beam repetition rate of 1 Hz doesn't fit the needs of this study. The second one is CTF3 (CLIC Test Facility 3) (Geschonke, 2002) at CERN. It should be commissioned by 2012. In this context, the CLIC physics community studies the possibility to test certain subsystems on colliders but the unprecedented desired size of the beam generates some specific problems (Gasior, 2010) and none seems to be adapted to test the simulations of this study.
The last possibility is to test the adaptive feedback control on a laser beam or on an interferometric system but it will not be possible to test the interfaces with the other subsystems. Indeed, some recent PLACET simulations have shown that this control interferes with other feedbacks (which could generate high frequency ground motion amplification). Thus, the strategy of the physics community, is to upgrade the ATF2 or CTF3 but well beyond 2012.
Conclusions
The feasibility of the future linear collider CLIC has to be proved in different aspects: one of them consists in showing that the collision of beams in the sub-nanometer scale is feasible. Considering that the imposed tolerances (integrated RMS(0.1 Hz) at the interaction point has to be lower than 0.1 nm) are considerably lower than the natural ground motion (a few micrometers), these requirements are very challenging and were never achieved in the past. A mechanical setup and a dedicated control approach have been presented. They lead to a very low vertical beam displacement at the interaction point with an integrated RMS(0.1 Hz) of about 0.04 nm. To reach these results, the strategy was to study an innovative control which is very efficient at low frequencies. This algorithm combines a feedback obtained after a parametric study and an adaptive control based on the generalized least-squares method. This method was tested in simulation with a representative model of the system and with real measurement of the ground motion. Then, a pattern of the dynamical behavior of the required mechanical damping structure needed to filter the vibrations above a few Hertz 
